Introduction
Mining-induced seismicity poses a significant risk to the viability of underground mining operations. Seismic events with sufficient energy to damage local excavations are of particular concern. Source parameters enable seismic events to be reviewed quantitatively and provide insight into the local rock mass failure mechanisms driving seismicity. Analysis techniques aim to utilize seismic source parameters to better understand local conditions contributing to rock mass failure.
Rock mass stress is a primary consideration in underground mining. Mine excavations force the in-situ stress within the rock mass to redistribute, generating localized areas of increased and decreased stress. Rock mass failure may occur in the form of large and potentially damaging seismic events when rock mass strength is exceeded by induced stress.
Seismic hazard analysis can be used to differentiate between areas of a rock mass with increased likelihood of producing seismic events of a size that may have an impact on the mining operation. Seismic hazard can also be inferred from local rock mass conditions known to contribute to the occurrence of large events, such as areas of high induced stress or the presence of significant geological structures. Areas of elevated seismic hazard pose an increased risk to the sustainability of the mining operation.
Background
Seismic hazard is the likelihood of occurrence of a seismic event of a certain size. It varies in space and time within a mine and is probabilistic (Gibowicz and Kijko 1994) . In some areas of a mine, the occurrence of large seismic events is more likely, leading to spatial concentrations and variations in large seismic events. Significant changes in excavation geometry can result in large D r a f t 4 local induced stress changes. Large seismic events can occur in association with these geometry and induced stress changes. As a result, seismic hazard varies in space and time within a mine.
Given that there is significant geological uncertainty in a rock mass, it is often difficult to deterministically relate the causal factors associated with rock mass failure with the occurrence of a particular event. In many circumstances, there is a population of hundreds or thousands of recordable seismic events associated with a rock mass failure process, often occurring over a time period of weeks or months. These events provide insight into when and approximately where the rock mass is failing. Andrieux et al. (2008) found that the seismic response to mining is strongly related to the stressstrain response of the confined rock mass. They report that large seismic events are more likely to occur immediately after mining-induced stresses exceed the peak strength of the rock mass.
Large seismic events may also be more frequent as the rock mass exhibits considerable post peak softening. Monitoring mining induced stress changes therefore provides significant insight into the likely seismic response.
The seismic source parameter apparent stress is a model independent measure of stress release at a seismic source (Gibowicz et al. 1990 (Gibowicz et al. , 1991 . Proposed by Wyss and Brune (1968) , apparent stress was defined as: 
Apparent Stress Recorded in Underground Mines
A logarithmic relation can be identified between radiated seismic energy and moment in a wellrecorded seismic population of sufficient size. Figure 1 is an energy-moment relation for a large seismic population at a deep Canadian Mine. Radiated energy increases proportionally to the seismic moment. The average relation for the events shown in Figure 1 can be expressed as
Log(E) = 1.18 × Log(M) -6.99. Seismic energy can vary by approximately one order of magnitude from the relation for a given value of seismic moment.
Events in Figure 1 are also coloured and sized to apparent stress. Events with the largest radiated seismic energy for a given moment represent the highest apparent stress events. Events with relatively large energy and moment values, towards to upper right of the relation, also represent high apparent stress events.
Event magnitude is used as a measure of size or intensity of a seismic event. Magnitude is closely related to the radiated seismic energy. Events that radiate increased quantities of energy typically possess larger magnitudes. Richter (1935) proposed a logarithmic magnitude scale that is widely used. This paper presents event size as an equivalent Richter magnitude (MR) calibrated from a consistent local magnitude scale.
Seismic populations associated with elevated seismic hazard possess the potential to produce seismic events capable of having adverse effects on the mining operation. Butler (1997) D r a f t 6 identified seismic events MR > 1 as large and potentially damaging. This paper will use the same convention, Richter magnitude > +1 events (MR > 1) will be referred to as large magnitude events. In a study of several rockburst prone mines, Morissette (2015) found that approximately 4% of events MR > 1 resulted in rockburst damage. Of these events, 33% were major rockbursts, causing more than 100 tonnes of rock to be displaced. for the majority of an apparent stress distribution to be considered while ignoring the influence of the extremities of the population. The advantage of using a relative apparent stress ratio to identify anomalously high apparent stress is that the ratio accounts for local variations in rock mass strength and mining depth.
The 80 th and 20 th percentiles for the population shown in Figure 6 are approximately 95 kPa and 16 kPa respectively. The corresponding ASR is 5.8. The detailed study (Brown 2015) found that an ASR of greater than 3.0 was indicative of areas of moderate to high induced stress for this mine. As a generalization, these areas of the mine also tend to be more prone to the occurrence of large seismic events.
Variations in ASR
Relating increases and decreases in ASR over time to mining activities works towards an understanding of the temporal seismic response to mining. At any location in a mine, the occurrence of seismic events is usually related to recent mining activities. While investigating the seismic response to mining in South African mines, van Aswegan (2005) noted that mine planning cycles considered mine extraction over a period of a few months. He referred to this as a medium term time frame. van Aswegan (2005) referred to long term as a sufficient time to incorporate major mine planning changes. In the context of a deep Canadian bulk mining operation, this would be several months or more. It is proposed to investigate increasing and decreasing trends in ASR over similar time periods. Medium term seismic assessment will refer to seismicity recorded in the preceding three months. Long term seismic assessment will refer to seismicity recorded in the preceding year.
Due to the limit of completeness of the seismic dataset in use, only events greater than or equal to Richter magnitude -0.5 will be considered. All events with magnitudes above this bound have been reliably recorded by the seismic monitoring system in all parts of the sensor array. Events smaller than this bound are not always recorded reliably, and consequently, will not be considered in this paper.
To investigate temporal variations in apparent stress and ASR, a time history chart will be used.
Events are plotted according to date and local magnitude on the x and y-axis respectively. ASR is represented by a line plotted on the secondary y-axis. Events are colored and sized to apparent stress to better demonstrate trends in ASR over time. Medium term seismic assessment is more representative for areas within a rock mass that experience large stress changes in relatively short periods of time -over a few months. ASR value reached by a seismic population. Individual ASR values are calculated using a moving time window but the peak ASR value is a worst-case indicator, not decreasing over time.
The peak value serves as a measure of the largest stress change that has occurred in the seismic event population. Figure 12 is an Apparent Stress Ratio Time History chart for a seismic population containing two large magnitude events (MR > 1). All events shown occur within a 30 m radius sphere. Individual ASR values are calculated using long term seismic assessmentconsidering events within a one year preceding time period.
With the occurence of each subsequent large magnitude event in Figure 12 , peak ASR increases.
Prior to the first large event (MR = 1.6), the largest ASR value reached by the population is approximately 7. The influence of the large event on the apparent stress distribution generates an increased ASR of 10. This peak is then exceeded by an ASR value of 11, preceeding the second large event (MR = 1.8). The influence of the second large event further increases peak ASR to
12. An overall peak ASR of 12 for this seismic population indicates a ratio of 12:1 for the 80 th to 20 th apparent stress percentile during a one year time period. The peak ASR indicates a large scale stress increase and may be a reflection of the ability of the local rock mass to concentrate stress.
A recent study (Brown 2015) , found time periods of high peak ASR to be well correlated to the occurrence of large magnitude events (MR > 1). Figure 13 In Figure 13 , test populations (containing large magnitude events), possess significantly larger peak ASR values. This is an indication that seismic populations which have produced large magnitude events typically experience time periods of larger stress increase relative to populations with smaller magnitude events. Approximately 90% of test populations possess a peak ASR greater than 3, which is indicative of moderate to high stress increase.
Discussion
ASR is an empirical analysis technique. It must be calibrated and tested prior to site application. 
Conclusions
Anomalously high apparent stress recorded in seismic events occurs as a result of increasing stress conditions in a rock mass. ASR reflects the presence of high apparent stress events in a seismic population. These events are typically larger magnitude events corresponding to potential rock mass instability and increased seismic hazard.
Increasing stress conditions may contribute to the likelihood of occurrence of large seismic events. The relative stress increase associated with a seismic population can be quantified using ASR. Peak ASR is a reflection of the largest stress change experienced by a seismic population and provides a means of assessing potential for stress related rock mass instability. A detailed back analysis in a deep Canadian mine concluded large ASR values correlate well to areas of elevated seismic hazard (Brown 2015) .
Defining high apparent stress is challenging due to variations in local rock mass stress and geological conditions. ASR eliminates the requirement for arbitrary threshold values. However, local experience is still needed to identify high ASR conditions. In this paper, ASR values greater than 3 were indicative of moderate to high stress increase. These values are consistent with a broader study of several years of seismic data at the same deep Canadian Mine (Brown 2015) . 
